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ABSTRACT 

Fiber Reinforced Polymer (FRP) composites is a relatively new material that offers 
unique advantages for many different engineering applications. While there has been 
plenty of research performed to understand composite fiber failure mechanisms 
numerically and experimentally, the exact nature of failure based on fiber orientation is 
unknown. Due to the complex nature of FRP composites, fiber failure mechanisms are 
not clearly understood and the goal of this study is to gain further knowledge regarding 
FRP failure, particularly with bolted connections. 

The primary objective of this research is to investigate the behavior of bolted Glass Fiber 
Reinforced Polymer (GFRP) structural channel members subject to cyclic loading. The 
investigation consisted of testing various channel specimens with different flange 
geometric configurations. Monotonic loading is performed to determine ultimate strength 
of the connection in the axial and transverse directions for the first phase. The second 
phase comprises of how unidirectional cyclic loading effects stiffness and the overall 
ultimate strength of the connection in the axial and transverse direction. The last phase 
studies the behavior and the residual connection capacity of the GFRP specimens subject 
to multidirectional cyclic loading. Various load levels for cyclic loading were established 
as a fraction of the ultimate strengths obtained from testing. 
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The testing showed that the absence of the flange did not have a significant impact with 
respect to the ultimate strengths in the axial and transverse directions. Failure modes 
observed consisted of initial bearing failure followed by shear-out failure for axial 
specimens and net tension splitting for the transverse specimens. The GFRP channel 
specimens undergo a period of nonlinear progressive damage after initial failure. 
Furthermore, it was found that the residual behavior and strength was affected by 
unidirectional and multidirectional load cycles. 

A probability-based design was adopted to provide design recommendations and 
guidelines. Resistance factors are determined using the Monte-Carlo simulation for the 
Load and Resistance Factor Design (LRFD) design method. 

The form and content of this abstract are approved. I recommend its publication. 

Approved: Jimmy Kim 
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1. Introduction 
1.1 General 

High cost from repair and maintenance of steel structures damaged from corrosion lead 
engineers and researchers to search for alternative materials. Fiber Reinforced Polymer 
(FRP) composites is a relatively new material that offers unique advantages for many 
different engineering applications. A composite material is formed by the combination of 
two or more distinct materials to produce a new material with enhanced properties. FRP 
utilizes a polymer resin matrix that is typically reinforced with glass, carbon, basalt or 
aramid fibers. The advantages of using FRP are the excellent strength-to- weight ratio 
and stiffness-to-weight ratio which makes them highly desirable as a building material for 
structural systems. The composite material has proven to be economical and efficient for 
new construction and repair and rehabilitation of damaged or deteriorating structures in 
civil engineering. In addition, they provide favorable corrosion and weathering 
resistance. 

The application of FRP composites in structural engineering involves strengthening of 
beams, columns, and slabs in existing structures. They can be used for repairing structural 
members that have been damaged from loading conditions. For example, FRP can be 
applied to provide flexural and shear strengthening of a damaged beam or column. The 
strengthening will improve the stiffness and defiection capacity of the member. If 
flexural strengthening is desired FRP sheets or plates are applied to the bottom or tension 
face of the beam. When FRP is applied to the web or sides of the beam the shear strength 
is improved. 
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FRP composites can also be molded into different structural shapes and is used as an 
alternative to steel and aluminum due to its benefits. Today manufacturers can produces a 
variety of structural members including channels, angles, wide flange beams, tubes, and 
flat-sheets similar to structural steel shapes. 

While there has been plenty of research performed to understand composite fiber failure 
mechanisms numerically and experimentally, the exact nature of failure based on fiber 
orientation is unknown. Due to the complex nature of FRP composites, fiber failure 
mechanisms are not clearly understood and the goal of this study is to gain further 
knowledge regarding FRP failure, particularly with bolted connections. Glass fibers are 
commonly used for reinforced composites. Glass fiber reinforced polymers (GFRP) 
channel members with bolted connections will be tested and researched in this study. 

1.2 Objectives 

The objective of this research is to evaluate GFRP channel members subject to cyclic 
axial and transverse loading. The components involved in the investigation include the 
following: 

1 . Review of previous research and testing conducted on GFRP structural members. 

2. Examine the ultimate connection load capacity of the GFRP specimens in the 
axial and transverse directions. 

3. Observe various failure modes based on different loading and geometry 
conditions. 
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4. Evaluate the impact of unidirectional and multidirectional loading and unloading 
cycles and determine the effect it has on the residual strength capacity of the 
connection. Observe the change in stiffness at various load levels. 

5. Develop a finite element model to predict the load-deflection behavior and local 
stress characteristics of the specimens. 

6. Summarize results to provide design recommendations. 

1.3 Scope 

The scope of the research consists of an experimental program followed by a finite 
element model to study the behavior of GFRP channel members with bolted connections 
subject to unidirectional and multidirectional cyclic axial and transverse loading. Testing 
was performed to determine ultimate strengths and to apply load cycles at different 
levels. The experimental investigation studies the local deterioration around the bolt holes 
influenced by high stress concentrations and the reduction of ultimate strength and 
stiffness caused by repeated loads. A finite element model was developed to validate and 
predict the deflection response and stress concentrations. The model accounts for change 
in material properties due to cyclic loading. 

1.4 Outline of Thesis 

The contents of this thesis include the following: 

Chapter 2: presents a review of literature related to previous research conducted on 
GFRP structural members. 
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Chapter 3: provides a detailed description of the experimental program, fabrication of 
test specimens, instrumentation, test setup and procedures. In addition, all ancillary tests 
required for necessary material properties are discussed. 

Chapter 4: provides a detailed description of the finite element model developed to 
validate and predict the displacement and stress response to cyclic loading of GFRP test 
specimens. 

Chapter 5: discusses the experimental program results, which includes the strength and 
stiffness degradation due to cyclic loading, various failure modes from different 
geometric and loading conditions, and results of all ancillary material tests performed. 
Design recommendations are provided using the results obtained. 
Chapter 6: presents the summary and conclusion of the research along with 
recommendations for further research on GFRP members. 
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2. Literature Review 

2.1 Introduction 

The literature presented in this chapter will investigate past research and tests performed 
on FRP members. The focus of this section will be failure behavior and mechanism from 
bolted connections and how they are affected by fiber orientation. 

This section will discuss the literature available on the subject of GFRP structural 
members. It is evident based on the study of current literature available that there is a lack 
of information about how to thoroughly characterize pultruded GFRP members. 
Currently there is no design standard for FRP. 

2.2 Overview 

In recent years there has been significant growth of FRP, there usage has spread from 
aerospace and automotive industry to civil structures. When compared with traditional 
materials the significant advantages are the resistance to corrosion, lightweight, high 
strength, and ease of installation. However, negative aspects of FRP would include the 
high initial cost, durability problems caused by freeze-thaw cycles, moisture, or sustained 
loading, and the lack of design standards and experience. Their strength and stiffness 
properties are dependent on the type, quantity, and orientation of the fibers within the 
member. 
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2.3 Material Properties of FRP 

Material properties of FRP are complex due to the orthotropic nature of the composite 
material and a clear explanation can be quite difficult. Unlike the American Concrete 
Institute (ACI) for reinforced concrete design and the American Institute of Steel 
Construction (AISC) for structural steel design, FRP pultruded structural shapes currently 
do not have a design code, although two design guides are available for engineers: 
Structural Plastics Design Manual and Eurocomp Design Code and Handbook (ASCE 
1984 and Eurocomp 1996). To complicate matters further, there are many FRP 
manufacturers in the industry who provide different material properties for their products. 
Depending on the fiber orientation within the polymer matrix FRP can exhibit different 
material properties. Other important factors that influence the behavior of FRP materials 
include the type of fiber and polymer used in the composite (Tibbetts 2008). Common 
reinforcement fibers used include glass, carbon, aramid, and boron fibers. The unique 
anisotropic behavior requires special considerations in the manufacturing process and 
design of FRP materials. 

FRP composites pose a high resistance to corrosion regardless of the materials used for 
the fiber and polymers. However, the durability can be reduced when exposed to harsh 
environmental conditions which should be avoided for adequate performance, ranging 
from high temperatures, ultraviolet exposure, and water with high alkalinity levels. The 
resistance to environmental effects is greatly dependent on the fabrication process along 
with the material properties of the fibers (Benmokrane et al 2002). 
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In comparison to steel, FRP structural members have anisotropic properties, low stifftiess, 
and high elastic to shear modulus ratios. From previous experience and tests composite 
materials must be carefully analyzed due brittle failure modes. FRP differ from metals as 
typically there is no yielding, strain hardening or elongation prior to failure (Deng 2004). 
Generally GFPR members have a linear stress-strain relationship to failure. Certain types 
of GFRP can exceed the strength of conventional steel. A study preformed reported the 
ultimate strength of GFRP bars at 150 ksi (1,035 MPa) (Pleimann 1987). However, the 
modulus of elasticity when compared to steel is significantly smaller at approximately 
25% of steel which places limitation for the use of GFRP as the main load-carrying 
element in many types of structures. Graphite reinforcing fibers can be used to increase 
the modulus of elasticity by up to three times (Saadatmanesh and Ehsani 1991). 
According to ACI (2006), the tensile strength of GFRP bars can up to twice as large as 
the tensile strength of steel bars and is even higher for carbon and aramid FRP. 

2.4 Fabrication of FRP Members 

Fabrication of FRP composites can be completed by the method of pultrusion or by hand 
layup (Tibbetts 2008). This research uses FRP products that were manufactured through 
the process of pultrusion. For fabrication by pultrusion, FRP members are formed into 
different standard structural shapes by an automated process. The manufacturing process 
produces continuous lengths of various shapes and materials by combining fibers with a 
polymer resin matrix under heat and pressure and pulled through using a heated steel 
forming die. Fibers typically used are glass and carbon, although other fibers such as 
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aramid or polyethylene can be used for structural applications (Bank 2006). The basic 
manufacturing process concept is described in Figure 2.1. 

2.5 Bolted FRP Members 

Plenty of research has been performed studying the behavior of FRP in the aerospace and 
automotive engineering industries; however there has been a lack of research conducted 
for structural engineering applications for FRP materials particularly in the field of bolted 
connections (Hassan et al. 1994). Similar to steel, FRP structural members utilize bolted 
connections and although mechanically fastened, FRP joints share the same failure modes 
as metals. It has been determined that the damage mechanism and propagation is not 
quite the same. Therefore, the design criteria for steel are not applicable to FRP members 
(Duthinh 2000). It is important to understand the behavior or FRP members with bolted 
connections because the strength of the structural member is limited by the strength of the 
connection. 

FRP structural members can be significantly weakened by the presence of bolt holes or 
cut outs. The strength reduction is attributed to high stress concentrations around 
discontinuities, damage to the reinforcing fibers and because FRP composites do not 
yield. The stress concentration value around a hole for isotropic materials is 3 while a 
uni-directionally FRP sheet can have a value as large as 8 (CoUings 1987). Generally 
isotropic materials exhibit plasticity that relieve high stress concentrations resulting in a 
small effect on the net failure stress. However, for uni-directional FRP due to the lack of 
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plasticity the material is elastic to failure where the stress concentrations reduce the net 
failure stress. 

2.6 Fasteners 

Mechanical fasteners have proven to be an effective method for connecting FRP 
members. Different types of steel fasteners can be used for connection joints such as nuts, 
bolts, threaded rods, rivets and self-tapping screws. Self-tapping screws are favorable 
when it is not possible to access the reverse side of the joint. The use of rivets are 
appropriate for joining laminates up to 0.1 in (3 mm) thick. However, the installation 
operation of rivets can potentially damage the laminates due to uncontrollable clamping 
pressure. In addition to steel fasteners FRP mechanical fasteners are also available which 
include nut, bolts, threaded rods, and screws. These fasteners present disadvantages when 
compared to steel due to the high cost and are susceptible to shear failure at low loads. 
Although there are various options for fasteners Collins (1977) determined that bolted 
joints were the most efficient and effective method for FRP materials. 

2.7 Failure Modes 

FRP have similar failure modes to steel member connections by failing in shear, tension, 
or bearing. The connector can also fracture and pull through the laminates. In addition, 
FRP can also fail by delamination between layers, debonding, and crack propagation. The 
different types of failure modes for bolted joints in FRP composites are presented in 
Figure 2.2. The best performance for shear, tension, and bearing failure is obtained 
utilizing 0°/±45° fiber orientations. 
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2.7.1 Tension Failure 



When members are subject to a tensile load the average net stress On across a section is: 

P 

~ (w - nd)t 

(2-1) 

Where P is the tensile load at the joint having a width w and thickness t. The number of 
bolts within the section is n having a diameter d. Generally, stress concentration at the 
hole will initiate failure because FRP does not yield to alleviate high stress 
concentrations. However, a study by Hart-Smith (1980) showed that slippage between the 
resin and fibers near bolt holes and cut-outs provide some relief of high stress 
concentrations (Figure 2.3 and Figure 2.4). When the fibers experience high local stress 
they pull out of the resin resulting in delamination or debonding of the fibers. Hart-Smith 
(1980) concluded that around holes improving adhesion between the fibers and resin 
results in a reduction of joint strength. However, reinforcing fibers near the hole in 
various directions diminishes the degree of anisotropy allowing minor plastic behavior 
and softening. 

Fiber orientation of the FRP dictates the tensile strength of the composite. The majority 
of the load is carried by the fibers parallel to the load. Potter (1978) determined that the 
failure near holes in CFRP occurred at the edge of the hole perpendicular to the loading 
axis. For GFRP the failure is more complicated and is influenced by both shear and 
tension. Failure around the hole is initiated by in-plane shearing across the width of the 
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laminate. The shear results in only the 45° plies taking the axial load leading to tension 
failure immediately after (Godwin et al. 1982). 

2.7.2 Shear Failure 

The shear stress x in a FRP joint is calculated by the following equation: 

P 

^ ~2et 

(2-2) 

Where P is the applied load with thickness t and a distance from the bolt hole center to 
the ends of the connected plates is e. See Figure 2.5 for a diagram of the terminology 
used. It is noted that the shear stress is determined using the same procedure as for 
isotropic materials. Similar to tensile loading the shear strength around the hole is 
dependent on the fiber orientation of the member. The in-plane shear strength is 
significantly lower with 0° fibers when compared with joints that have 45° fibers. 

2.7.3 Bearing Failure 

The average bearing stress at the cross section of the hole can be calculated by: 

P 

ndt 

(2-3) 

Where P is the load applied, n is the number of bolts with diameter d and with a material 
thickness of t. Bearing stress is caused by compression of half the bolt hole transferred by 
the bolt. The compressive strength within the fibers and the clamping pressure are the 
main parameters that will dictate the bearing strength around the hole (Collins et al. 
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1977). In a study by Collins (1987) he showed that the shear failure initiated at the hole 
edge through the fibers and matrix. FRP laminates with a combination of 45"^ and 90"^ 
plies performed well under bolt bearing loads. This discovery contradicted the 
compressive performance of laminates with 45° and 90"^ fiber orientations which 
indicates the failure mechanisms for bearing and compressive loadings are different. The 
difference can be attributed to the clamping pressure generated by the bolt. The fibers 
perpendicular to the load and laminates are constrained and fail in constrained transverse 
compression. 

2.7.4 Cleavage and Pull-out Failure 

In addition to shear, tension, and bearing failure FRP joints can exhibit cleavage and pull- 
out failure. Cleavage failure develops only during 0° fiber orientation in a single shear 
mode and is followed by net section failure occurring on one side of the laminate. 
Reinforcement should be placed around the bolt holes to prevent cleavage failure. Pull- 
out failure is initiated by out of plane bending at the joint caused from in plane axial 
loads which results in peeling at the joint. Typically, they occur with the use of rivets in 
single shear. Bending or shear failure of the bolt is also possible under extreme loading 
conditions (Duthinh 2000). 

2.8 Factors Affecting Joint Strength 
2.8.1 Fiber Orientation 

The biggest factor affecting the joint strength of FRP is the fiber orientation. In a study 
by Collins (1977), concluded that optimum joint performance for CFRP is achieved using 
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a combination of 0° / ±45° plies. It can be seen from Figure 2.6 that shear failure occurs 
with low levels of ±45"^ fibers. The shear strength of the joint increases as the ±45"^ fibers 
increase in the section, eventually bearing becomes the critical mode of failure. As a 
result of ±45"^ fibers being weak in tension, high amounts of ±45° will shift the failure 
mode to tension. 

2.8.2 Lateral Constraint 

Lateral constraint caused by clamping pressure from the bolts can significantly affect the 
joint strength. However, excessive pressure from over-tightening of the bolts can damage 
the surface of the laminate. The recommended optimum bolt clamping pressure was 
determined to be 3,190 psi (22 MPa) for CFRP joints (Garbo and Ogonowski 1981). 
Overtime clamping pressure is decreased by resin creep but does not necessarily reduce 
the joint strength (Shivakumar and Crews 1982). See Figure 2.7 - Figure 2.8 for the 
effect that clamping pressure has on the bearing strength of FRP laminates. 

2.8.3 Stacking Sequence 

In a study performed by Collins (1977) it was shown that there was no change in shear 
strength for bolted CFRP joints that consisted of 2/3 0° and 1/3 ±45° plies, however there 
was a difference of 6% in tensile strength when compared with two different stacking 
sequences. The bearing strength had a substantial drop with laminates grouped together. 
The highest bearing strength for pin-loaded holes was achieved by using 90°/±45°/0° 
laminates whereas using 0°/90°/=t45° reduced the strength by 30% (Quinn and Mathews 
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1977). See Figure 2.9 and Figure 2.10 for the effect that the stacking sequence has on the 
bearing strength of GFRP laminates. 

2.8.4 Joint Geometry 

The tensile failure stress of FRP members with a hole heavily depend on the width due to 
no stress relief from lack of plasticity. The width has a significant impact on the strength 
when the laminates consists of mostly 0° fibers and an opposite effect on 45° fibers. This 
can be seen in Figure 2.1 1. Collins (1977) determined that the hole size didn't have a 
significant impact on the net tensile and shear strength with fiber orientation consisting of 
Qo / .^450 f^j, CFRP. The same could be said for GFRP laminates (Kretsis and Matthews 
1985). The bearing strength of CFRP is not affected by hole size as long as there is 
sufficient clamping pressure provided by the bolt. On the other hand, because GFRP has 
low elastic modulus of glass, out-of-plane cracking can occur regardless of clamping 
pressure for d/t > 3. Values of d/t < 3 is not recommended due to the possibility of bolt 
shear failure. It is desirable that the joint geometry selected experiences tension and shear 
failure simultaneously near the bearing failure stress. 

2.9 Static Behavior of Pultruded GFRP Beams (Nagaraj and GangaRao 1997) 

A study was performed by Nagaraj and GangaRao (1997) to investigate the experimental 
and theoretical characterizations of mechanical properties of pultruded GFRP structural 
members. A total of 187 test were conducted using wide flange and box beams to 
examine the effects of shear influence, shear lag, warping, and manufacturing quality. 
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2.9.1 Experimental Setup and Test Procedure 

The testing consisted of two different structural shapes with different sizes. The sizes 
were 102 x 102 x 6 mm (4 x 4 x % in.) for the box section and the wide flange section 
was 102 X 102 x 6 mm (4 x 4 x % in.) and 152 x 152 x 6 mm (6 x 6 x % in.). See Figure 
2.12 for the cross section dimensions of the test specimens. The members were made up 
with a vinylester matrix reinforced with E-glass fibers. The specimens were testing using 
a span length of 1,828 mm (72 in.) with simply supported boundary conditions under 
three-point and four-point bending. Linear variable differential transducers (LVDTs) 
were used to measure the deflection under the load points at midspan. Electrical 
resistance strain gauges were placed at a distance of 203 - 305 mm (8-12 in.) away 
from the load point to overcome stress concentration effects. The strain gauges were 
installed on both the compression and tension face at equal distance from the midspan. 

2.9.2 Results and Conclusions 

The experimental results were compared using theoretical computations of simplified 
equations based on classical lamination theory (CLT) (Jones 1975) along with three- 
dimensional finite-element analysis using ANSYS 1994. Both the fiexural and shear 
rigidities were determined based on the approximate CLT. The finite-element model 
utilized SHELL 91 elements which had the ability to model the composite material layer 
by layer and specify the material properties and fiber orientation. The finite-element 
results compared well with the theoretical calculations and experimental results and were 
within 0-4%. The comparisons are displayed in Table 2.1 and 2.2. 
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It was determined that the shear influence on deflection measurements for both three- 
point and four-point bending was significant. The testing resulted in a shear influence of 
36% for three-point bending test and 25% for the four-point bending test. Using 45° 
layers reduced the shear influence by 9% compared to the specimen with unidirectional 
fibers in the web. The variation in strain readings was 10-20% and was attributed to 
interfacial slip between the top layer and the layer beneath it. In addition, variation in 
strain reading also existed due to asymmetric fiber distribution located in the top and 
bottom flange laminates. Nagaraj and GangaRao (1997) concluded that the approximate 
theoretical expressions provided by Jones (1975) could be used to determine the flexural 
and shear rigidities in a pultruded GFRP beam. 

2.10 Multi-Bolted Joints for GFRP Structural Members (Hassan et al. 1997) 

An experimental investigation performed by Hassan et al. (1997) at the University of 
Manitoba studied the behavior of multi-bolted connections using glass fiber-reinforced 
plastic materials. The study consisted of testing a total of 105 multi-bolted double lap 
shear connections with various parameters that included the width of the structural 
member, edge distance, number of bolts, bolt pattern, pitch, thickness of the member, and 
direction of the fibers with respect to the applied load direction. 

The orthotropic composite material used for the tests were EXTREN Flat Sheet Series 
500, pultruded glass fiber sheet with alternating stacked layers of E-glass rovings and E- 
glass continuous strand mat. 
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2.10.1 Test Parameters 

The influence of the placement and number of bolts was investigated by using 5 members 
with different connection configurations and were designated as Joints A, B, C, D, and E, 
see Figure 2.13. Various ratios of edge distance to hole diameter (e/d) and side distance 
to the pitch (s/p) were selected to obtain different failure modes with each bolt patterns. 
The 105 total specimens tested were 12.7 mm (1/2 in.) thick and had principal 
unidirectional fibers layers orientated at 0°, 45°, and 90° with respect to the applied load. 
High-strength structural bolts with a diameter of 19 mm (3/4 in.) and a bolt hole diameter 
of 20.6 mm (13/16 in.) providing adequate clearance was used for all connections. The 
bolts were tightened to a constant torque of 32.5 N m (24 ft lb). 

2.10.2 Test Setup and Instrumentation 

The specimens were tested using a 1,000 kN (220,000 lb) MTS closed-loop servo- 
controlled loading system. The members were loaded axially in tension at a constant 
stroke rate of 0.001 mm/s (0.0254 in./s). Concentric loading was achieved by a using 
double-shear configuration thus removing any bending effects. The relative 
displacements were measured using a linearly variable differential transducer (LVDT) 
and strain gauges were used to determine the stress distribution in the member along with 
load distribution of each bolt. 

2.10.3 Experimental Results 

The results indicated that the ultimate load was within 10% of the identical specimens 
tested and the main factors effecting strength were the width, edge distance, and fiber 
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orientation with respect to the appUed load. Similarly, these factors have a significant 
effect on the failure mode of the specimens. It was determined that connection type B and 
D which had smaller edge distances of 38.1 mm (1.5 in.) resulted in cleavage failure and 
was characterized by crack propagation parallel to the applied load. For connection type 
E with the same edge distance the section experienced net tension failure located at the 
inner bolt row without any crack propagation between bolt rows. For the specimens with 
larger edge distances ranging from 63.5 mm to 152.4 mm (2.5 in. to 6 in.) the resulting 
failure mode was net tension failure located at the inner row of bolts, which had the 
highest stress concentrations measured. All connections and tests showed bearing damage 
after failure around the area adjacent to the loaded section of the hole. 

When studying the load distribution among the bolts it was determined the specimens 
with only one row of bolts (type B and type D) generally experienced equal distribution 
of the load. However, this was not the case for connection type A, C, and E which had 
unequal forces at each bolt. 

Typically, for mechanically fastened joints with in-plane loading, bearing failure is likely 
to occur as the width to diameter ratio (w/d) increases. This was not the case for this 
experimental investigation using composite fiber members as bearing failure did not 
occur; only localized bearing damage was apparent. Large widths reduced the ultimate 
net tensile capacity and were relatively low when compared to specimens with smaller 
widths; this can be attributed to the high stress concentrations for specimens with larger 
widths. It is concluded that the load of a bolted joint is resisted by the material around the 
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vicinity of the bolt hole and increasing the width of the specimen has no benefits in terms 
of strength efficiency. 

2.10.4 Conclusions 

After the experimental investigation performed by Hassan et al. (1997) the following 
concluding remarks can be made. All connections and specimens tested experienced 
linear behavior up to failure. The connections with only one row of bolts had equal load 
distribution whereas, connections with more than one row experienced unequal load 
distribution. The edge distance to diameter ratio, e/d, has a significant impact on the 
failure mode for connections with either one row or one column of bolts. For small edge 
distances with e/d ratios less than 3 cleavage failure occurred. Large edge distances with 
e/d ratios larger than 3 experienced tension failure. All connections tested with 0°, 45°, 
and 90"^ fiber orientation had higher bearing strengths as the e/d ratio increased up to a 
ratio of 5. The ultimate capacities and bearing strengths for all connection types increased 
as the side distance to pitch s/p ratio increased up to a value of 1.2. Having a higher 
number of bolts is not directly proportional to the increase in ultimate strength capacity in 
the member. 

2.11 Finite Element Modeling of Damage Accumulation (Kermanidis et al. 2000) 

A study was performed by Kermanidis et al. (2000) to model the effects of damage 
accumulation using ANSYS, a finite element analysis program. A three-dimensional 
model was developed to simulate the progressive damage and predict residual strength 
and stiffness in single-lap bolted composite joints under in-plane tensile loading. 
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2.11.1 Progressive Damage Model 

The progressive damage model involves an iterative procedure to determine stress 
analysis, failure analysis, and material degradation. ANSYS has the ability to calculate 
the stresses between each ply to be used as the model progresses. Due to the complex 
nature of failure mechanisms in bolted composite laminates, many previous empirical 
methods are used as failure criteria. The following seven expressions (Shokrieh et al. 
1996) below represent stress-based criteria to predict different failure modes. The modes 
of failure consist of matrix tensile and compressive failure, fiber tensile and compressive 
failure, fiber-matrix shear-out and delamination of fibers in tension and compression. 

Matrix tensile failure for (ay > 0): 




(2-4) 



Matrix compressive failure for (oy < 0): 




(2-5) 



Fiber tensile failure for (gx > 0): 




(2-6) 



Fiber compressive failure (Gx < 0): 




(2-7) 



Fiber-matrix shear-out for (ax < 0): 
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> 1 



(2-8) 



Delamination in tension for (gz > 0): 




) 



2 



> 1 



(2-9) 



Delamination in compression for (oz < 0): 




2 



> 1 



(2-10) 



Where Gij are the layer-stress components in the ij direction and the denominators are the 
strengths in the corresponding directions. 

Once ply failure occurs, the material properties are disabled from carrying a specific load, 
this is known as the degradation rule. Therefore, each failure mode has its own 
corresponding degradation rule. The ply-by-ply degradation rules are based on 
assumptions and empirical methods from constraints in the composite material properties. 
The material property degradation rules for failure analysis in this study were taken from 
Shokrieh et al. (1996) and were believed by Kermanidis et al. (2000) to be best suited for 
the failure criteria used. 

When matrix tensile and compressive failure is observed in a ply, the assumption is that 
the matrix cannot sustain any load. Therefore, the material properties of the failed ply are 
reduced to: 







21 



(2-11) 

When fiber tensile and compressive failure is observed in a ply, the assumption is that the 
material cannot sustain any load in the vicinity where the failure has occurred. Therefore, 
the material properties of the failed play are reduced to: 

Ex Ey — Ez Gxy Gyz Gxz 'Oxy Vyz Vxz 

(2-12) 

When fiber-matrix shear-out failure is observed in a ply, the assumption is that the 
material can only sustain load in the fiber and transverse to fiber directions. The material 
does not have the ability to carry shear load, therefore, the material properties of the 
failed ply are reduced to: 

Gxy = Vxy=0 

(2-13) 

Delamination failure in tension and compression affect the properties in the z-direction in 
the delaminated region. This results in the material losing the ability to sustain any load 
in the z-direction in addition to shear loads. Therefore, the material properties of the 
failed ply are reduced to: 

Ez Gyz Gxz ^yz ^xz 

(2-14) 

A progressive model is developed in ANSYS using a programmed macro-routine 
iterative process. The macro-routine is described in the flowchart Figure 2.14 and 
involves the following steps. 

1 . Developing a FEM model of the composite joint with initial material properties, 
specimen geometry, boundary conditions, initial load and load step. 
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2. Determine the stresses for each ply by performing a non-Unear analysis. 

3. Perform a failure analysis by implementing the failure criteria. 

4. Determine if ply failure exist. If no failure is calculated the applied load is 
increased. If any failure mode is recognized the program continues to the next 
step. 

5. Apply appropriate material property degradation rules on the failed ply. 

6. Determine if final failure is reached. If so, the program is completed. If final 
failure has not been reached the program returns to step 2 and the analysis is 
performed again with the same load to compute the redistributed stresses. Final 
failure is reached when the program converges. Convergence is assumed when no 
additional failures are detected. 

7. Repeat procedure until final failure occurs. 



2.11.2 Finite Element Modeling 

The study consisted of developing a finite element model of the bolted single-lap joint 
using ANSYS. The geometry of the member is depicted in Figure 2.15. The model 
consists of a composite laminate upper plate with fibrous unidirectional layers 
(0°/90°/=t45°) and an aluminum lower plate connected with a bolt. The model utilizes 8- 
noded SOLID46 3-D ANSYS layered elements with three displacement DOF's per node. 
The solid element used for the composite material is defined by the orthotropic material 
properties, the fiber orientation, and layer thickness. For the interaction between two 
surfaces, 3-D CONTAC49 ANSYS elements were used to model the contact between 
two plates, between the bolt and the surface of the hole, and between the bolt head and 
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the plate. See Figure 2.16 and Figure 2.17 for the finite element model. The loading 
conditions for the models consisted of in-plane tensile loading at the ends as well as a 
pre-tension load at the fastener by applying thermal expansion properties in the axial 
direction of the bolt. To prevent secondary bending the model was supported laterally in 
the z-direction. 

2.11.3 Results and Discussion 

The strains were measured experimentally with an 8 kN (1,798 lbs) tensile load applied 
to the lap joint. The strains were determined for the global x-direction at the angles of 0, 
22.4 and 45° and are displayed in Figure 2.18. Comparisons were made to experimental 
and numerical values from a study performed by Ireman (1998). The experimental 
program consisted of installing strain gauges around the hole at angles of 0, 22.4 and 45° 
to measure the response. The comparison of the numerical to experimental model 
resulted in sufficient accuracy. The material properties and strengths used for the 
composite material are shown in Table 2.3 and Table 2.4. 

The progressive damage model was subjected to incrementally increasing tensile loading 
in which the first failure (matrix compressive failure) occurring at a load of 3 kN (674 
lbs) near the stress concentrations around the hole. Before the first ply failure the 
composite material behaved elastically. The damage occurs at an angle of 45° with 
respect to loading and continues to prorogate due to the pressure from the bolt. Figure 
2.19 and Figure 2.20 illustrates the progressive damage at different load steps predicted 
by the model. The shaded elements in the model represent fiber breakage, which 

24 



represents the most critical failure mode in the model. Ultimate failure is reached when 
the composite laminate is unable to carry anymore load and is represented in Figure 
2.19(c). The ultimate failure load in the model was determined to be 20.2 kN (4,541 lbs) 
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Table 2.1. Comparison of flexural rigidity (Nagaraj and GangaRao 1997) 
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Table 2.2. Comparison of shear rigidity (Nagaraj and GangaRao 1997) 
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Table 2.3. Geometrical Data for the Investigated Geometry (Kermanidis et al. 2000) 



L W D d e h t 
(iimi) (mm) (mm) (mni) (mi^) (mm) (mm) 

240 60 16 10 30 30 4.16 



Table 2.4. Elastic Properties of HTA/6376 Material (Kermanidis et al. 2000) 
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Figure 2.1. FRP pultrusion process (Extren 2003) 




Figure 2.2. Modes of failure for bolted joints in 
FRP Composites (Hart-Smith 1987) 
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Figure 2.3. Stress concentration relief in fibrous composites by delamination 

(Hart-Smith 1977) 
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Figure 2.4. Relation between stress concentration factors observed at failure of fibrous 
composite laminates predicted for perfectly elastic isotropic materials (Hart-Smith 1977) 
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Figure 2.6. Influence of CFRP fiber proportion (0"^ / ±45°) on failure mode (Garbo and 

Ogonowski 1981) 
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Figure 2.7. Effect of bolt torque on bearing strength of fibrous composite laminates 

(Hart-Smith 1987) 
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Figure 2.8. Comparison between bearing strengths of connections with and without 

clamping pressure (Hart-Smith 1987) 
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Figure 2.9. Effect of grouped 0° plies on bearing strength (Garbo and Ogonowski 1981) 



T 



+ 



I 



+ 



I 

/ 
\ 



+ 



1 1 i 



I 



Figure 2.10. Effects of stacking sequence on bearing strength for GFRP laminates 

(Quinn and Mathews 1977) 
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ure 2.11. Variation of net tensile strength with width of 0°/±45° CFRP composites 
with 6.35 mm (0.25 in) hole (Collins 1987) 
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Figure 2.12. Cross sections of test specimens (Nagaraj and GangaRao 1997) 
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Figure 2.13. Connection configuration (Hassan et al. 1997) 
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Figure 2.14. Flowchart of the Progressive Damage Model (Kermanidis et al. 2000) 
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Figure 2.15. Geometry of the Bolted Single-Lap Joint (Kermanidis et al. 2000) 




Figure 2.16. Finite Element Model of Bolted Joint (Kermanidis et al. 2000) 
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(a) (b) 

Figure 2.17. (a) Mesh of Area Around Hole (b) Finite Element Model of Protruding 

Head Bolt (Kermanidis et al. 2000) 




Figure 2.18. Comparison of Calculated Strains with Experimental and Numerical 

Results (Kermanidis et al. 2000) 
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(c) 20.3kN 



(a) 3kN 



(b) 12kN 



Figure 2.19. Illustration of Damage Propagation Predicted by the Present Model at 
Different Load Steps. Upper Surface of the Laminate (Kermanidis et al. 2000) 




3. Experimental Program 

3.1 Introduction 

The experimental program examined the axial and transverse strength of GFRP structural 
channel members with bolted connections using various geometric configurations. The 
parameters studied included the effects of load cycles at various load levels on the 
ultimate strength and stiffness. In addition, the effect different flange geometries have on 
the ultimate strength when loaded in the axial and transverse direction. Phase I consisted 
of testing a total of 60 specimens with monotonic loading applied in the axial and 
transverse directions to determine the ultimate strengths of each member (30 axial and 30 
transverse). In addition, Phase I tested 10 thickened GFRP members 1 in. (25 mm) thick. 
Phase II consisted of testing specimens to failure after each specimen underwent 
unidirectional cyclic loading at various load levels. Phase III tested each member to 
failure after the specimen underwent multidirectional load cycles in both the axial and 
transverse directions at different load levels. This chapter will discuss the fabrication 
process and materials used for the test specimens, instrumentation, test setup, and 
experimental procedure. All material testing was performed in the Structural Engineering 
Laboratory at the University of Colorado Denver. 

3.2 Materials used for Test Specimens 
3.2.1 GFRP Channels 

Extren GFRP structural shapes produced by Strongwell (Bristol, Virginia, USA) were 
used for the experimental testing. Extren is a product line manufactured by Strongwell 
which consists of more than 100 fiberglass structural shapes. The shapes are made up of 
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long glass fibers intertwined and bound with resin to form a mat. In addition, the glass 
reinforcements consist of continuous strand rovings containing 800 - 4,000 fiber 
filaments in each strand. The resins used in Extren are isophthalic polyester and vinyl 
ester, which provide corrosion resistance and high strength properties. The mechanical 
properties of the GFRP members were determined through tensile testing of GFRP 
coupons and using the data provided by the manufacturer. 

Channel structural shapes were selected for testing with dimensions of 3 V2" x 1 V2" x 
3/16" (90 mm x 38 mm x 5 mm) and 1 '-2" (356 mm) in length. Each channel member 
had a bolt hole with a diameter of 9/16" (14 mm) for loading purposes. The channel 
members consisted of three different geometric configurations with a portion of the 
flange cut near the bolt hole. Condition #1 involved the whole section with no flange 
modifications. For Condition #2 and #3 both the top and bottom flange were cut at a 
length of 1 5/8" (41 mm) and 3 1/8" (79 mm), respectively. See Figure 3.1 - Figure 3.3 
for member dimensions with various flange configurations. 

3.2.2 GFRP Flat Plates 

The GFRP material testing also included thickened flat plate members that were loaded 
axially to failure. The GFRP flat plates were Vi in. (13 mm) thick with an additional Vi in. 
thick plate epoxied at the end where loading occurs. The flat plates had 1 in. chamfers at 
the corners of both plates. Similar to the channels, a hole with a diameter of 1 9/16" (40 
mm) was drilled thru both plates to install a bolt to be loaded. The plates are 3 in. (76 
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mm) wide and the flat plate that is epoxied has a length of 4 in. (102 mm) See Figure 3.6 
for dimensions of the GFRP flat plate. 

3.3 Experimental Setup and Loading 

3.3.1 Phase I and Phase II Setup for Axial Tests 

The tensile testing for each GFRP members consisted of applying a point load through 
the use of a steel bolt. An MTS closed-loop electro-hydraulic universal testing machine 
was used for the monotonic axial load application. The loading was performed at a rate of 
1 mm/min (0.0394 in./min) and was controlled by the displacement of the actuator. The 
restraints of the member were provided by fixtures that were connected to the specimen 
with three Vi^ (13 mm) diameter bolts. Load was applied at a distance of 1 (38.1 mm) 
from the end of the specimen using a diameter steel bolt attached to a fixture. The 
tensile testing was divided into three phases. Phase I consisted of monotonic axial loading 
to ultimate failure of each channel specimen. The results of Phase I were used to establish 
various load levels by taking 25%, 50%, and 75% of the ultimate failure to be used for 
Phase II testing. Phase II testing consisted of axial and transverse loading to failure after 
the specimens underwent 10 load cycles applied to the specimen using different load 
levels mentioned above in the axial and transverse directions. Phase III consisted of 
loading to failure after the specimens were subject to multidirectional cyclic loading. See 
Figure 3.6 for the axial load experimental testing setup. 
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3.3.2 Phase I and Phase II Setup for Transverse Tests 

The shear tests for each GFRP members were tested in a similar fashion by applying a 
point load through use of a steel bolt in the transverse direction. The same testing 
equipment and loading rate of 1 mm/min from the tensile testing was used. Instead of 
utilizing fixtures with bolted connections, a fixed support was provided by gripping a 
portion of the channel web with clamps. The restraint required cutting the bottom channel 
flange to allow for installation of the clamp. The same fixture from the tensile testing was 
used which applied a transverse concentrated load through the V2" (13 mm) steel bolt. 
Similar to the axial test the transverse testing was divided into Phase I, Phase II, and 
Phase III, using the same load levels based on the ultimate failure to be used for the 
cyclic loading. See Figure 3.7 for the transverse load experimental testing setup. 

3.3.3 Phase III Testing Procedure 

The channel specimens in Phase III testing are subject to multidirectional loading, which 
requires the specimen to be loaded in the axial direction at a certain load level followed 
by loading in the transverse direction at another load level. This procedure constitutes one 
load cycle and is performed for a total 10 cycles. Phase III requires the fixtures to be 
alternated for each load cycle to accommodate for loading in the axial and transverse 
direction. This procedure is different from Phase II, which allows for consecutive 
unidirectional cyclic loading in one test for all 10 cycles. 
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Figure 3.1. Condition #1 
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Figure 3.2. Condition #2 
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Figure 3.3. Condition #3 
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Figure 3.4. Tension Test 
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Figure 3.5. Shear Test 




Figure 3.6. Geometry of Thickened Flat Plate 
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Figure 3.7. Axial Test Setup 
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4. Finite Element Modeling 

4.1 Introduction 

A three-dimensional finite element model was developed to predict the behavior of the 
GFRP channel specimens using the structural analysis software ANSYS. The specimens 
were modeled using structural solid elements with orthotropic material properties. The 
model is a non-linear stress analysis incorporating an established failure criterion to 
determine stress, deflection, and predicted failure. ANSYS uses two general modes for 
modeling, interactive and batch. The interactive mode allows the user to use the GUI and 
other various tools to develop the model in the graphics window and allows for any 
modifications related to the analysis whereas, the batch mode uses command files that 
have been created or previously generated for the analysis. The model created utilizes the 
interactive mode. This chapter will discuss the development of the model along with the 
approach and methods used. 

4.2 Modeling and Elements - Preprocessor 

Building a model for the channel composite specimen consists of several steps. An eight- 
node brick solid elements (SOLID 185) was selected to represent the GFRP channel 
member. This solid element has three translational degrees of freedom at each node. 
Orthotropic material properties are required and are defined using values from the 
manufacturer. The material properties include the modulus of elasticity E, in the x, y, and 
z directions, Poisson's ratio v, in the xy, yz, xz directions, and the shear modulus G, in 
the xy, yz, xz directions, they are listed in Table 4.1. The channel geometry modeled has 
a depth of 3 Vi in. (89 mm) a flange width of 1 Vi in. (38 mm) and a thickness of 3/16 in 
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(5 mm), the dimensions are shown in Figure 3.1. A !^ in. (13 mm) diameter hole is added 
at a distance of 1 Vi in. (38 mm) from the end of the member. 

Several types of constraints were applied to the model. The edge of the channel member 
was constrained in all six degrees of freedom. To prevent lateral movement and 
secondary bending effects of the member, a lateral support was added in the z-direction 
located at the bolt. The Mesh Tool was used for automatic mesh generation of the model 
which is beneficial for the ease of mesh refinement. Both the channel and bolt were 
meshed using tetrahedral solid elements. The load was applied in the longitudinal x- 
direction using 25% and 75% of the ultimate tensile failure load determined from the 
experimental testing. The corresponding load values are 584 lbs (2.6 kN) and 1,752 lbs 
(7.8 kN) respectively. Concentrated loads were applied over multiple nodes to replicate 
uniform pressure caused by loading of the bolt, see Figure 4.2. 

4.3 Failure Criteria 

The Tsai-Wu failure criterion used to predict the composite failure of the GFRP channel 
members. The Tsai-Wu failure criterion is a quadratic, interactive stress-based criterion 
that identifies failure, but does not distinguish between different failure modes (Tsai and 
Wu 1971). Failure occurs when the following condition is satisfied: 

¥iOi + Fi^OiOj < 1.0 

(4-1) 

Where Fi and Fij are experimentally determined material strength parameters and oi and Oj 
are the laminate stress in the fiber direction and the laminate stress transverse to the fiber 
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direction, respectively. The failure criterion requires input values for material strengths 
which include the compressive, tensile, and shear strength of the composite in the x, y, 
and z directions. See Table 4.2 for the material strength used in the analysis. 

4.4 Model Results 

After the analysis was performed the results indicate a maximum deflection of 0.004 
inches (0.1 mm) at the bolt hole. This value was based on an axial load of 584 lbs (2.6 
kN) which was determined to be 25% of the ultimate load in the axial direction. When 
75% of the ultimate axial load was applied of 1,752 lbs (7.8 kN) resulted in a maximum 
deflection of 0.012 inches (0.3 mm) at the same location adjacent to the bolt hole. These 
deflection values were significantly different from the displacements measured through 
testing. The finite element model yielded values considerably smaller. Based on load 
testing of the channel specimens the average deflection from an applied axial load of 584 
lbs and 1,752 lbs were approximately 0.025 inches (0.6 mm) and 0.0725 inches (1.8 mm) 
respectively. The difference can be attributed by the restraint conditions of the two. The 
ANSYS model uses a fixed restraint at the end of the channel whereas; the testing of the 
channel specimens used three bolts for the support conditions. This resulted in high stress 
concentrations at the bolt locations leading to a larger total displacement from each bolt 
hole. In addition, there may have been a very small gap between the bolt and bolt hole 
surface in the three bolted connections used as a restraint which caused additional 
displacement. See Figure 4.2 and 4.4 for the deflection results from ANSYS. 
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Table 4.1. Material Properties for GFRP Channel Specimens (Extren 2013) 













Gyz 


V 

xy 


^xz 


^3. 


(psi) 


(psi) 


(psi) 


(psi) 


(psi) 


(psi) 








2,600,000 


800,000 


800,000 


425,000 


425,000 


n/a 


0.33 


0.33 


n/a 



Table 4.2. Failure Criteria Strength Values 





X 


y 


z 


Stress in Tension (psi) 
Stress in Compression (psi) 


30,000 
30,000 


7,000 
15,000 


7,000 
15,000 






yz 


xz 


Stress in Shear (psi) 


4,500 


4,500 


4,500 
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Figure 4.1. Channel Geometry of ANSYS Model 




Figure 4.2. Applied Loading of Model 
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Figure 4.3. Displacement from 25% of Ultimate Load 





Figure 4.4. Tsai-Wu Strength Index - 25% of Ultimate Load 
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5. Test Results and Discussion 

5.1 Introduction 

This chapter presents the results obtained from material testing of the GFRP channel 
specimens. The testing consisted of loading the specimens in the axial and transverse 
direction. The behavior of the loaded specimens along with the various failure modes are 
discussed in detail. The mechanical properties of the GFRP specimens are established 
from the material testing and are evaluated in terms of the load-displacement response. 
The effect of different geometric configurations where the flange was cut near the applied 
load was studied. Stiffness degradation and ultimate strength from load cycles at different 
load levels are evaluated. The experimental program is divided into three phases. The 
primary objective of Phase I is to determine the ultimate strength of the GFRP specimens 
through monotonic loading in the axial and transverse directions. For Phase II the 
residual capacity of the connection is investigated with the specimens subjected to 
unidirectional cyclic loading at various load levels. Phase III involves investigating the 
residual capacity of the connection subjected to multidirectional cyclic loading at various 
load levels. The test results from all three phases will be discussed in the following 
sections. 

5.2 Phase I Testing Results of GFRP Channels 

A total of 30 GFRP specimens were used for axial testing to determine ultimate load 
capacity and to generate load-displacement curves. For transverse testing, a total of 30 
specimens were used as well. The GFRP specimens have various flange geometry as 
discussed in Chapter 3. Table 5.1 displays the load capacity results for flange geometries 
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01, 02, and 03 which represent Condition #1, Condition #2, and Condition #3 
respectively, in the axial and transverse directions. Ten specimens were tested for each 
flange geometry with monotonic loading to failure in both directions. The load- 
displacement curves for each test in Phase I is provided in Appendix A of this thesis. The 
load-displacement response indicates linear behavior until initial failure, followed by 
non-linear behavior until ultimate failure. Initial failure is represented by the first peak on 
the load-displacement curve and the ultimate failure is represented by the maximum load 
of the response. Figure 5.1 and Figure 5.2 displays a typical load-displacement curve for 
the GFRP specimens in the axial and transverse directions. 

For AXIAL 01 the average of the 10 specimens tested had an initial failure load capacity 
and standard deviation of 2,214 lbs (9.8 kN) and 162 lbs (0.72 kN) respectively. TRANS 
01 the average initial failure load capacity and standard deviation was 2,601 lbs (1 1.6 kN) 
and 345 lbs (1.5 kN), respectively. For the subsequent testing, the load levels of 25%, 
50%, and 75% for Phase II and Phase III were obtained using the initial failure load from 
Phase I. AXIAL 01 and TRANS 01 was the full channel section with no flange cut 
modifications made. AXIAL 02, AXIAL 03, TRANS 02, and TRANS 03 had different 
flange geometries as noted in Chapter 3. Based on the final results there was no distinct 
trend and it can be concluded that removing a portion of the flange in the channel section 
does not impact the overall performance of the channel member, when loaded in the axial 
and transverse directions. The total average of all the specimens tested in the axial and 
transverse direction was 2,337 lbs (10.4 kN) and 2,588 lbs (1 1.5 kN) respectively. 
Therefore, the load levels used for Phase II and Phase III testing were 584 lbs, 1,168 lbs, 
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and 1,752 lbs (2.6 kN, 5.2 kN, and 7.8 kN) for axial load levels of 25%, 50%, and 75% 
and 647 lbs, 1,294 lbs, and 1941 lbs (2.9 kN, 5.8 kN, and 8.6 kN) for transverse loading. 



5.2.1 Phase I Failure Modes of GFRP Channels 

Investigation of the failure mode for the axial and transverse monotonic load test showed 
different failure mechanisms for the axial and transverse tests. For the test with the 
applied load in the axial direction initial bearing failure occurred at the contact zone 
between the bolt and composite specimen followed by shear-out failure. As noted in 
Chapter 2 bearing failure occurs when excessive compressive stresses develop at the hole 
boundary surface. Shear-out failure is typically consequence of bearing failure with a 
short edge distance, e and can be characterized as a combination of in-plane and 
interlaminar shear failures. Initial bearing damage is followed by a series of peaks on the 
load-displacement curve that represents damage accumulation with the eventual sudden 
drop in load carrying capacity. The test is completed when the specimen reaches this 
point. 

In the transverse direction the specimen experienced initial bearing failure similar to the 
axial test followed by net tension splitting failure. This was evident by the crack 
propagation in the transverse direction of the applied load. The behavior of the specimens 
loaded in the transverse direction differs from the axial tests; this is evident by the load- 
deflection curve which indicates less progressive damage before a sudden drop in load 
carrying capacity. The transverse load-displacement curves show less activity of damage 
accumulation with a smaller region of varying peaks after initial failure. Net tension 
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failure is a function of both the joint geometry and the strength of the GFRP specimen. 
See Figure 5.4 through Figure 5.6 for the axial and transverse typical failure mode of the 
GFRP channel specimens. 

5.2.2 Phase I Testing Results of GFRP Thickened Plates 

A total of 10 GFRP plate thickened members were tested with monotonic loading to 
failure in the axial direction. The average failure load was 14,824 lbs (66 kN) with a 
standard deviation of 1,308 lbs (5.8 kN) As expected the failure load was significantly 
higher than the channel members due to the increased thickness of 1 inch (25 mm) which 
allows for more area at the contact zone between the bolt and the specimen. Table 5.2 
displays the failure load for each thickened specimen with loading in the axial direction. 
The load-displacement curves indicate a linear response until ultimate failure. In 
comparison to the channel specimen load-displacement curves in the axial direction, the 
thickened plates do not experience progressive failure which is evident by one peak on 
the curve as opposed to numerous peaks for the channel specimens. Figure 5.3 shows a 
typical load-displacement curve of the thickened GFRP plates. 

5.2.3 Phase I Failure Mode of GFRP Thickened Plates 

Similar to the GFRP channel members the thickened plates experienced shear-out failure 
adjacent to the bolt hole. Unlike the channel members which experienced initial bearing 
failure around the bolt hole, the thickened specimens had no visible signs of bearing 
failure. This can be attributed to the fact the bearing strength capacity is larger than the 
shear-out capacity for the thickened specimens. On three of the thickened specimens 
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tested debonding of the plates occurred followed immediately by shear-out failure due to 
the reduced cross section caused by the plates debonding. See Figure 5.7 for typical 
failure mode for the GFRP thickened members with monotonic loading in the axial 
direction and Figure 5.8 for debonding of the plates. 

5.3 Phase II Testing Results of GFRP Channels 

A total of eighteen specimens were tested for Phase II, nine specimens in the axial 
direction and nine specimens in the transverse direction. Each load level test (25%, 50%, 
and 75%) consisted of the same flange geometries used in Phase I, represented by 01, 02, 
and 03 in the axial and transverse direction. Each specimen underwent ten unidirectional 
load cycles in the axial and transverse direction of the appropriate load level before being 
loaded to failure in the respective direction to determine the residual capacity of the 
connection. For the cyclic tests, the specimens were loaded to a specific predefined load 
than unloaded when that load was reached. This procedure was performed consecutively 
ten times. 

Figure 5.9 displays the load-displacement curves for the unidirectional cyclic load 
applied for Phase II. Based on the cyclic loading curves it appears that there is no 
significant stiffness degradation as the slope of the curves is relatively constant, any 
decrease in stiffness is minor. The load-displacement response was similar to Phase I 
with apparent progressive damage and linear behavior up until initial failure after the load 
cycles were completed and the specimens were loaded to failure. The load-displacement 
curves for the transverse loading to failure closely resembled Phase I testing as well. See 
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Figure 5.10 and Figure 5.1 1 for typical load-displacement curves with monotonic loading 
in the axial and transverse direction for Phase II. 

The average residual load capacity of the three specimens that experienced axial cyclic 
loading of 25%, 50%, and 75% of ultimate load were 3,000 lbs, 2,836 lbs, and 2,537 lbs, 
(13.3 kN, 12.6 kN, and 1 1.3 kN) respectively. Based on these values we can see a distinct 
trend where the ultimate failure load is reduced as a higher load is applied for cyclic 
loading. This can be attributed to minor stiffness and strength degradation in the 
composite material due to repeated load effects. It is noted that the values above, the 
maximum load capacity was obtained from the load-displacement curves not the initial 
failure represented by the first peak on the curve. 

Similarly, the average residual load capacity of the three specimens that experienced 
transverse cycUc loading of 25%, 50%, and 75% of the ultimate load were 3,120 lbs, 
2,347 lbs, and 2,521 lbs, (13.9 kN, 10.4 kN, and 1 1.2 kN) respectively. The effect of 
cyclic loading in this case does not have a clear trend of decreasing strength with 
increasing load during the ten cycles. Although, it is clear that the failure load of the 75% 
specimens decreased in comparison to the 25% specimens. Table 5.3 summarizes the 
testing results for the channel specimens subject to cyclic loading. 

5.3.1 Phase II Failure Modes of GFRP Channels 

The failure modes for the GFRP channel specimens were similar to the failure modes 
experienced in Phase I. The only difference came from minor damage propagation and 
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displacements caused by the load cycles which are shown in Figure 5.12. When the 
specimens were tested in the axial direction to determine the residual capacity of the 
connection, they experienced initial bearing damage at the contact zone followed by 
shear-out failure in the region adjacent to the bolt, similar to Phase I failure. Likewise, the 
transverse testing resulted in initial bearing damage around the bolt hole followed by 
tension splitting of the section. 

5.4 Phase III Testing Results of GFRP Channels 

Phase III consisted of multidirectional cyclic load testing of nine specimens. Three 
specimens were used for each load level of 25%, 50%, and 75% of the ultimate load 
determined in Phase I. All nine specimens had the same geometric configuration, see 
Figure 5.13. On one side of the flange no modifications were made, however, the 
opposite side required cutting the flange to fit the clamp fixture necessary for the 
transverse loading test. As described in Section 3.3.3 the multidirectional cyclic loading 
required alternating fixtures to load in both the axial and transverse direction as one load 
cycle. After ten cycles of multidirectional loading the specimens were loaded to failure. 
Two of the three sets (01-25, 01-50, 01-75, 02-25, 02-50, and 02-75) were loaded axially 
to failure to determine the residual capacity in the connection. The last set (03-25, 03-50, 
and 03-75) was loaded to failure in the transverse direction to determine the residual 
connection capacity. 

The load-displacement curves for the multidirectional cyclic loading are displayed in 
Figure 5.14. Cyclic loading in the axial or transverse direction is not performed 
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consecutively as the curves show; the axial cyclic loading and transverse cyclic loading 
are alternated. Thus, each specimen is subject to a total of twenty cycles of applied 
loading at the appropriate level rather than a total of ten cycles in Phase II. As a result 
there is more damage accumulation and stiffness degradation as seen in Figure 5.14; 
however, it is very minor. The load-displacement curves in the axial and transverse 
directions to failure after multidirectional load cycles resemble the curves generated in 
from Phase I and Phase II. Recall from Phase I and Phase II, linear behavior up until 
initial failure from the first peak followed by damage accumulation resulting in ultimate 
failure. 

The average residual load capacity in the axial direction of the two specimens that 
experienced multidirectional cyclic loading of 25%, 50%, and 75% of the ultimate load 
were 2,826 lbs, 2,893 lbs, and 2,386 lbs (12.57 kN, 12.87 kN, and 10.61 kN) respectively. 
Based on these values it is apparent that there was a significant reduction in strength from 
the specimens which were subject to 75% multidirectional loading. The values above 
were determined using the maximum load from the load-displacement curves which is 
not necessarily the initial failure represented by the first peak. However, the average 
residual connection capacity of the two specimens based on initial damage that 
experienced multidirectional cyclic loading of 25%, 50%, and 75% of the ultimate load 
were 2,626 lbs, 2,321 lbs, and 1,894 lbs (11.68 kN, 10.32, and 8.42 kN) respectively. 
This shows significant strength degradation with each increase in load level. 
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For the residual connection capacity in the transverse direction after multidirectional 
cyclic loading only one set of specimens were tested. The connection capacity with cyclic 
loading of 25%, 50%, and 75% of the ultimate load was 2,168 lbs, 2,595 lbs, and 2,231 
lbs (9.64 kN, 1 1.54 kN, and 9.92 kN) respectively. The effect of cyclic loading in this 
case does not have a clear trend of decreasing strength with increasing load during the 
multidirectional load cycles. The same is observed using the residual capacity based on 
initial failure. Table 5.4 summarizes the testing results for the channel specimens subject 
to multidirectional cyclic loading. 

5.4.1 Phase III Failure Modes of GFRP Channels 

For Phase III, the failure modes from monotonic axial and transverse testing after 
multidirectional load cycles were similar to Phase I and Phase II. The only difference 
came from displacements and damage caused from the repeated loads. For the 25%) and 
50% multidirectional load cycle tests the damage and displacements was minimal, 
however, for the 75%o multidirectional load cycle tests the damage was more as shown in 
Figure 5.17. For failure in the axial direction the specimen experienced initial bearing 
failure followed by shear-out failure adjacent to the bolt hole. In the transverse direction, 
two of the three specimens experienced initial bearing failure followed by tension 
splitting at the bolt hole as expected based on the previous test, displayed in Figure 5.18 
and Figure 5.19. However, for specimen 50-3 the tension splitting was located just above 
the clamp and below the hole seen in Figure 5.20 which was unusual based on the 
previous failure modes from testing in the transverse direction. Recall, once the test 
shows a sudden drop in load carrying capacity the test is completed. 
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5.5 Comparison of Phases 

The following section will compare the behavior and results between each phase of the 
testing. Strength reduction, stiffness degradation, failure mechanisms, etc. will be 
discussed. 

5.5.1 Comparison Among Different Flange Geometries in Phase I 

Figure 5.21 show the comparison of load-displacement curves for specimens tested in 
Phase I. The comparison shows the effect different flange geometries have on the 
connection strength. Based on the load values and observation of the curve it can be 
concluded that variation in flange geometries has no significant effect on the behavior 
and ultimate strength of the connection in the axial and transverse directions. However, it 
is noted that for the axial specimens the initial failure load capacity increased with larger 
sections cut from the flange of the channel. 

5.5.2 Comparison of Post-Cydic Residual Behavior 

The comparison of post-cyclic residual behavior is displayed in Figure 5.22. It is clear 
from the data and curves that multidirectional cyclic loading has a substantially higher 
impact on the residual behavior and strength of the connection compared to the residual 
behavior subject to unidirectional cyclic loading. In some instances the load capacity for 
specimens that underwent unidirectional cyclic loading was higher than the load capacity 
determined in Phase I which did not experience any cyclic loading. The curves show that 
the post-cyclic residual behavior from multidirectional cyclic loading generally had the 
smallest slope. In addition, the transverse specimens from Phase III had a longer region 
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of damage accumulation with multiple peaks before failure compared to the transverse 
specimens from Phase I and Phase II. 

5.5.3 Effect of Cyclic Loading on Residual Capacity 

The effect of cyclic loading on the residual capacity for Phase II and Phase III is shown 
in Figure 5.23. The figure is divided into the capacity at the first peak and the capacity at 
the maximum peak. Generally, the residual capacities for Phase III experienced reduced 
connection capacity as the load level percent of cyclic loading increased. The same 
cannot be said for Phase II as there was no clear trend apparent that the cyclic loading 
had on the residual capacity. It is noted, that for the transverse specimens in Phase II the 
trend was similar when comparing the capacity at the first peak to the capacity at the 
maximum peak. In addition, there was very small variation in the capacity between the 
three specimens tested for each load level resulting in similar chart lines for each of the 
three specimens. 

5.6 Design Recommendations 

This section describes discusses design recommendations for pultruded GFRP structural 
channel members with bolted connections subject to axial and transverse loading. 

5.6.1 Monte-Carlo Simulation 

A Monte-Carlo simulation was performed to assist with developing design guidelines and 
recommendations for GFRP structural channel members. The simulation involves 
generating many random values to overcome limited experimental data. The algorithm 
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used for the random sampling was the inverse transformation method (Devroye 1986). 
For the simulation 10,000 samples were used for the calibration of the resistance factor. 

5.6.2 Calibration of Resistance Factor 

The resistance factor for bolted GFRP channel members was determined using the 
following calibration method. The safety index ^ is used to adjust the level of safety 
performance in structural members and is calculated by the following equation: 



Where R and E are the mean capacity and mean instantaneous load applied, respectively, 
and gr and cr^are the corresponding standard deviations. The target safety index p was set 
to 2.5, 3.0, and 3.5. The denominator of Equation 5-1 can be approximated as the 
following equation: 



Where a is the directional cosine or empirical constant to be determined. Combining 
equation 5-1 and 5-2 the following Load and Resistance Factor Design (LRFD) 
relationship is determined (Barker and Puckett 1997). 



R-E 




(5-1) 




(5-2) 



(pRn = yE, 



n 



(5-3) 



(5-4) 
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Y = - apV^) 

(5-5) 

Where Rn and En are the nominal resistance and applied load, respectively, Xr and Xe are 
their bias factors, Vr and Ve are the coefficients of variations, and (p and y are the 
resistance factor and load factor, respectively. 

Table 5.5 summarizes the resistance factor calibration for specimens in monotonic 
unidirectional loading. As expected as the safety index y? decreases the resistance factor (p 
increases. The resistance factor calibration indicates the transverse specimens yielded 
lower resistance factor value than the axial specimens, which is caused by higher 
coefficients of variation in the transverse specimens. The resistance factor calibration is 
divided into the first peak and maximum peak of the load-displacement curves. For 
design purposes resistance values determined from the first peak should be used as they 
are typically more conservative. 
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Table 5.1. Phase I Ultimate Failure Load of GFRP Channel Specimens with Monotonia 

Loading in the Axial and Transverse Directions. 

Speciman Capacity (lbs) Max Capacity (lbs) Speciman Capacity (lbs) Max Capacity (lbs) Speciman Capacity (lbs) Max Capacity (lbs) 



AXIAL-01-1 


2090 


2493 


AXIAL-02-1 


2118 


2493 


AXIAL-03-1 


2103 


2711 


AXIAL-01-2 


2206 


2789 


AXIAL-02-2 


2167 


2228 


AXIAL-03-2 


2357 


2839 


AXIAL-01 -3 


2080 


2520 


AXIAL-02-3 


2473 


3063 


AXIAL-03-3 


2296 


2920 


AXIAL-01 -4 


2175 


2650 


AXIAL-02-4 


2458 


2946 


AXIAL-03-4 


2419 


2575 


AXIAL-01 -5 


1996 


2556 


AXIAL-02-5 


2302 


3273 


AXIAL-03-5 


2057 


2650 


AXIAL-01 -6 


2465 


2571 


AXIAL-02-6 


2286 


2524 


AXIAL-03-6 


3136 


3140 


AXIAL-01 -7 


2357 


2465 


AXIAL-02-7 


2048 


2535 


AXIAL-03-7 


2680 


2960 


AXIAL-01 -8 


2109 


2508 


AXIAL-02-8 


2501 


2763 


AXIAL-03-8 


2200 


2403 


AXIAL-01 -9 


2214 


2381 


AXIAL-02-9 


2476 


2823 


AXIAL-03-9 


2669 


2714 


AXIAL-01-1 


2455 


2823 


AXIAL-02-1 


2637 


3121 


AXIAL-03-1 


2569 


2602 


Average 


2215 


2576 




2347 


2777 




2449 


2751 


Std Dev 


162 


140 




192 


330 




326 


216 



Speciman Capacity (lbs) Max Capacity (lbs) Speciman Capacity (lbs) Max Capacity (lbs) Speciman Capacity (lbs) Max Capacity (lbs) 



TRANS-01-1 


2071 


2161 


TRANS-02-1 


2091 


2100 


TRANS-03-1 


2763 


2772 


TRANS-01-2 


2394 


2406 


TRANS-02-2 


1813 


2315 


TRANS-03-2 


2754 


2763 


TRANS-01-3 


2634 


2667 


TRANS-02-3 


2529 


2564 


TRANS-03-3 


2708 


2738 


TRANS-01-4 


2852 


2865 


TRANS-02-4 


2829 


2879 


TRANS-03-4 


2586 


2627 


TRANS-01-5 


2768 


2776 


TRANS-02-5 


2585 


2617 


TRANS-03-5 


2283 


2305 


TRANS-01-6 


2476 


2500 


TRANS-02-6 


2874 


2905 


TRANS-03-6 


2546 


2567 


TRANS-01-7 


2317 


2338 


TRANS-02-7 


2498 


2517 


TRANS-03-7 


2607 


2645 


TRANS-01-8 


2538 


2564 


TRANS-02-8 


2587 


2622 


TRANS-03-8 


3152 


3158 


TRANS-01-9 


3347 


3362 


TRANS-02-9 


2840 


2844 


TRANS-03-9 


2593 


2616 


TRANS-01-10 


2617 


2649 


TRANS-02-1 


2541 


2562 


TRANS-03-1 


2441 


2461 


Average 


2601 


2629 




2519 


2593 




2643 


2665 


Std Devation 


345 


332 




336 


252 




230 


225 



Table 5.2. Phase I Ultimate Failure Load of GFRP Thickened Plate Members with 
Monotonic Loading in the Axial Directio n. 



Specimen 


Capacity (lbs) 


AXIAL-04-1 


15655 


AXIAL-04-2 


14195 


AXIAL-04-3 


16229 


AXIAL-04-4 


16607 


AXIAL-04-5 


15021 


AXIAL-04-6 


13878 


AXIAL-04-7 


14711 


AXIAL-04-8 


13430 


AXIAL-04-9 


15931 


AXIAL-04-1 


12579 


Average 


14824 


Std Dev 


1308 
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Table 5.3. Phase II Residual Connection Capacity of Members Subject to Unidirectional 
Cyclic Loading 



Specimen 


Capacity (lbs) 


Max Capacity (lbs) 


Specimen 


Capacity (lbs) 


Max Capacity (lbs) 


A VIA 1 r^^^ oc 




oooo 


"TDAMO OC 


ono H 
2931 


OOO A 

2934 


A VIA 1 no oc 


O^ CO 


onoo 


XDAMO no oc 


O H oc 


ol yi 


AYiAi _r)o_niz 

MAIML UO^O 


^ 1 Q 1 


91 41 

O 1 H- 1 


1 riMINO uo^o 






MAIML U 1 OU 






TRAMCI ni f^n 




99R9 


AXIAI -DP-'Sn 


OU 1 \J 


OU 1 vJ 


TRAN9-n?-'^n 

1 nrAiNO vj^ \ju 


^UU 1 










TRANS-D'^-'Sn 

1 nrAiNO vjo \JU 






AXIAL-01-75 


2295 


2295 


TRANS-01-75 


2275 


2523 


AXIAL-02-75 


2740 


2740 


TRANS-02-75 


2573 


2574 


AXIAL-03-75 


2575 


2575 


TRANS-03-75 


2163 


2465 


Average-25 


2486 


3000 


Average-25 


3112 


3120 


Std Dev-25 


338 


153 


Std Dev-25 


158 


163 


Average-50 


2836 


2836 


Average-50 


2047 


2347 


Std Dev-50 


225 


244 


Std Dev-50 


42 


56 


Average-75 


2537 


2537 


Average-75 


2337 


2521 


Std Dev-75 


225 


225 


Std Dev-75 


212 


55 



Table 5.4. Phase III Residual Connection Capacity of Members Subject to 



Multidirectional Cyclic Loading 



Specimen 


Capacity (lbs) Max Capacity (lbs) 


Specimen 


Capacity (lbs) Max Capacity (lbs) 


MULTI-AXIAL 01 -25 


2742 


3103 


MULTI-TRANS 03-25 


1954 2168 


MULTI-AXIAL 02-25 


2549 


2549 


MULTI-TRANS 03-50 


2184 2595 


MULTI-AXIAL 01 -50 


2594 


3129 


MULTI-TRANS 03-75 


2084 2231 


MULTI-AXIAL 02-50 


2047 


2656 






MULTI-AXIAL 01-75 


1942 


2774 






MULTI-AXIAL 02-75 


1846 


1997 






Average-25 


2646 


2826 






Std Dev-25 


136 


392 






Average-50 


2321 


2893 






Std Dev-50 


387 


334 






Average-75 


1894 


2386 






Std Dev-75 


68 


549 







68 



Table 5.5. Resistance Factor Calibration for Specimens in Monotonic Unidirectional Load (Phase I) 

Where |i = mean (kN), a = standard deviation, COV = coefficient of variance, O = resistance factor 
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Figure 5.1. Load-Displacement Curve for Phase I Axial 
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Figure 5.2. Load-Displacement Curve for Phase I Transverse 
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Figure 5.3. Load-Displacement Curve for Phase 1 Thickened Member Axial 




Figure 5.4. Typical Failure Mode: Mono tonic Axial Load 
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Figure 5.5. Typical Failure Mode: Monotonic Transverse Load 
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Figure. 5.9. Cyclic Unidirectional Load for Phase II Specimens: (a) axial load at 25%P„; 
(b) axial load at 50%P„; (c) axial load at 75%P„; (d) transverse load at 25%P„; (b) 
transverse load at 50%P„; (c) transverse load at 75%Pu 
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Figure 5.10. Load-Displacement Curve for Phase II Monotonic Axial Loading 
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Figure 5.11. Load-Displacement Curve for Phase II Monotonic Transverse Loading 




Figure 5.12. Damage Propagation with Load Cycles: (a) Axial Load at 25%P„; (b) Axial 

Load at 50%P„; (c) Axial Load at 75%P„ 
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Figure 5.13. Geometry of GFRP Channel Specimens for Phase III 
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Figure. 5.14. Cyclic Multidirectional Load for Phase III Specimens: (a) axial load at 
25%Pu, (b) axial load at 50%Pu, (c) axial load at 15%Pu, (d) transverse load at 25%Pu, (e) 
transverse load at 50%P^; (f) transverse load at 15%Pu 
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Figure 5.15. Load-Displacement Curve for Phase III Monotonic Axial Loading 




Figure 5.16. Load-Displacement Curve for Phase III Monotonic Transverse Loading 
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(a) (b) (c) 

Figure 5.17. Damage Propagation with Load Cycles: (a) multidirectional load 25%Pu\ 
multidirectional load at 50%^^^; (c) multidirectional load at 15%Pu 




Figure 5.18. Typical Failure Mode: Monotonic Axial Load for Phase III after 15%Pu 

Multidirectional Cyclic Loading 
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Figure 5.19. Typical Failure Mode: Monotonic Transverse Load for Phase III after 
15%Pu Multidirectional Cyclic Loading 




Figure 5.20. Failure Mode: Monotonic Transverse Load for Phase III after 15%Pi 

Multidirectional Cyclic Loading 
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Figure 5.21. Load-displacement of Phase I-Comparison of Various Flange Geometry: (a) 

Axial load; (b) Transverse Load 




Figure 5.22. Comparison of Post-Cyclic Residual Behavior: (a) Axial Load at 25%^^; (b) 
Axial Load at SOVoPul (c) Axial Load at 15%Pu\ (d) Transverse Load at 25%Pu\ (e) 
Transverse Load at 5()%Pu\ (f) Transverse Load at 15%Pu 
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Figure 5.23. Effect of Cyclic Loading on Residual Capacity: (a) Axial Load at 1^^ Peak; 
(b) Axial Load at Maximum Peak; (c) Transverse Load at 1^^ Peak; (d) Transverse Load 

at Maximum Peak 




Figure 5.24. Comparison of Strength Reduction Factor (0) Based on Phase I 
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6. Summary and Conclusion 

6.1 Summary 

The connection capacity of Glass Fiber Reinforced Polymer (GFRP) structural channel 
members has been studied through experimental and analytical investigations. A total of 
97 GFRP specimens were tested in the axial and transverse directions to determine 
strength capacity and was divided into three phases. Post-cyclic residual behavior was 
studied after unidirectional (Phase II) and multidirectional (Phase III) cyclic loading was 
performed on the test specimens. The effects of various parameters including various 
flange configurations, loading direction, and level of cyclic loading have been evaluated. 
The change in stiffness from the tests is also investigated due to unloading and reloading 
at various load levels. 

A GFRP channel structural channel member with a single bolted connection near the 
edge is vulnerable to premature failure caused by high stress concentrations leading to 
initial bearing failure. Bearing failure is an undesirable failure mode because it fails to 
utilize the entire material strength of the member. The proposed solution to this problem 
is to increase the number of bolts used for the joint as well as adjusting the edge distance 
for optimal performance. 

6.2 Conclusions 

The following conclusions are drawn from the experimental study of GFRP structural 
channel members: 
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1 . The load-displacement curves indicate linear behavior up to initial failure when 
testing the GFRP channel members in the axial and transverse directions. 

2. The initial failure mechanism for the bolted connection results in initial bearing 
failure and is represented by the first peak on the load-displacement curve. 

3. Progressive damage occurs and the specimens exhibit inelastic deformation 
around the bolt hole and does not yield similar to steel. 

4. Testing show that using different flange configuration which consists of cutting 
the flange at various degrees, do not affect the overall connection capacity in the 
GFRP specimens in both the axial and transverse directions. 

5. Monotonic axial loading results in a two phase failure mechanism. Initial bearing 
failure is observed followed by shear-out failure which results in significant loss 
of load carrying capacity. 

6. Monotonic transverse loading also results in a two phase failure mechanism. 
Initial bearing failure first occurs followed by net tension failure. The net tension 
failure is characterized by splitting in the transverse direction of the load. The 
majority of the testing show the splitting occurring at the bolt hole with a couple 
of instance where the splitting occurred below the bolt hole and directly above the 
fixture clamp. 

7. The thickened GFRP members with an additional bonded plate exhibit 
significantly increase in strength capacity which is expected due to the increased 
area. The failure mode observed is debonding of the bonded plate followed 
immediately by shear-out failure. This is expected due to a sudden reduction in 
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area. Initial bearing failure is not witnessed similar to all the other specimens 
tested. 

8. Initial failure represented by the first peak on the load-displacement curve does 
not necessarily constitute the maximum capacity. After initial failure the 
specimen can still achieve a higher maximum capacity which is represented by 
the maximum peak on the load-displacement curve. This occurs in both the axial 
and transverse directions. 

9. After initial failure the specimens experience a period of damage accumulation 
which is represented by a region of multiple peaks in the load-displacement curve 
until final failure when the specimens loses a significant amount of load-carrying 
capacity. 

10. The load testing results do not indicate a reduction in strength capacity when 
comparing Phase II to Phase I. In some instances specimens from Phase II after 
unidirectional cyclic loading lead to higher connection capacities. 

1 1 . For Phase II axial loading the results indicate a reduction in residual strength 
capacity as the load level percent for cyclic unidirectional loading is increased. 

12. For Phase III axial load to failure, the results indicate a reduction in residual 
strength capacity as the load level percent for multidirectional loading is 
increased. 

13. The residual connection capacity of Phase III transverse specimens loaded to 
failure is significantly reduced after multidirectional cyclic loading when 
compared to Phase II and Phase I. 
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14. The residual connection capacity of Phase III axial specimens loaded to failure 
has a small reduction after multidirectional cyclic loading when compared to only 
unidirectional loading in Phase II. 

15. The post-cyclic residual failure mode is the same as specimens from Phase I, 
which is shear-out and net tension failure. The only difference is deflections and 
damage accumulation that occur from the cyclic loading. 

16. Minor stiffness degradation occurs from multidirectional cyclic loading. 

6.3 Recommendations for Future Work 

Additional research is required to fully understand the behavior of GFRP structural 
members with bolted connections. The following aspects should be addressed: 

1 . Developing a flnite element model to predict damage accumulation around the 
bolt hole. 

2. Investigating GFRP connections with multiple bolts to fully optimize the material 
strength in the member. 

3. Investigation of edge distance on GFRP connections to fully optimize the material 
strength capacity. 

4. Evaluation of the stress concentrations experimentally and numerically around the 
bolt hole. 

5. Investigation of simultaneous multidirectional monotonic and cyclic loading on 
the connection capacity. 

6. Generate and establish a complete design standard used for practicing structural 
engineers for bolted GFRP connection 
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Appendix A. Load Displacement Curves for Phase I - Axial and Transverse 
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Appendix B. Load Displacement Curves for Phase II - Residual Capacity 
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Appendix C. Load Displacement Curves for Phase III - Residual Capacity 
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Appendix D. Phase I Testing Failure Photos - Axial and Transverse 
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Axial 03-03 
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Transverse 01-01 



Transverse 01-02 
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Axial 04-06 Axial 04-06 
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Appendix E. Phase II Testing Photos - Damage From CycUc Loading 




50% Load Level Damage 



50% Load Level Damage 




25% Load Level Damage 25% Load Level Damage 
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Appendix F. Phase III Testing Photos - Damage From Multi Directional Cydic 
Loading 




25% Load Level Damage 25% Load Level Damage 




25% Load Level Damage 25% Load Level Damage 




50% Load Level Damage 50% Load Level Damage 
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50% Load Level Damage 50% Load Level Damage 




75% Load Level Damage 75% Load Level Damage 




75%) Load Level Damage 15% Load Level Damage 
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Appendix G. Phase III Testing Failure Photos 




75% Load Level Failure 75% Load Level Failure 
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